The surfaces of iron oxide nanoparticles are capable of catalytically generating reactive oxygen species (ROS) through the Fenton and Haber-Weiss reactions. Fenton chemistry has been shown to be temperature dependent with an increase in activity up to 40 °C and then a decrease above this temperature as the hydrogen peroxide degrades into oxygen and water which limits the reaction. When exposed to an alternating magnetic field (AMF), iron oxide nanoparticles absorb the energy from the magnetic field and convert it into heat. In this study, we observed an increase in the degradation of methylene blue when a suspension of magnetite nanoparticles (Fe 3 O 4 ) was exposed to an AMF indicating there was an increase in the ROS generation in response to the AMF. The increase in ROS generation compared to the Arrhenius prediction was both time and concentration dependent; in which we observed a decrease in ROS enhancement with increased time of exposure and concentration. We postulate that the decrease is due to agglomeration in the presence of the field. As the nanoparticles agglomerate, there is a decrease in surface area per mass limiting the reaction rate.
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Introduction
Magnetic nanoparticles are of great interest to a wide range of applications due to their unique physical properties.
1, 2 These applications include catalysis, biomedical imaging, anemia supplement, drug delivery, thermal therapy, and environmental remediation. [3] [4] [5] [6] [7] [8] [9] One physical property that has presented itself as a double-edged sword is the generation of free radicals attributed to Fenton and
Haber-Weiss chemistries. In the case of biomedical applications, the generation of free radicals leads to oxidative stress which is believed to be one of the key underlying mechanisms of concentration dependent cytotoxicity. [10] [11] [12] [13] [14] [15] [16] At the same time, iron oxide nanoparticles are combined with hydrogen peroxide and successfully used as advanced oxidation processes for the removal organic contaminates from wastewater. 17 In both cases, iron oxide nanoparticles act as a homogeneous and heterogeneous catalyst for the degradation of hydrogen peroxide into free radicals. The catalytic mechanism is based on the environment. Under neutral conditions, Voinov et al. have demonstrated through spin-trapping EPR that γ-Fe 2 O 3 nanoparticles produce hydroxyl radicals primarily on the surface rather than dissolution of free ions. 18 At lower pH, such as the microenvironment of a lysosome, iron ions can be released from the nanoparticle surface resulting in a greater extent of homogeneous catalysis. 19 When exposed to an alternating magnetic field (AMF), magnetic nanoparticles absorb the energy from the magnetic field and convert it into heat through primarily through Brownian relaxation (physical rotation of the particles) and Neel relaxation (rotation of the magnetic moment). 20 This heat generation has been extensively studied as magnetic fluid thermal therapy for the treatment of cancer. 21, 22 Until recently, intracellular hyperthermia has been considered improbable due to heat transport calculations by Rabin that demonstrated theoretically the heat generated from a single nanoparticle or cluster of nanoparticles would be negligible to the cell. 23 However, work by Creixell et al. has demonstrated that internalized targeted nanoparticles can induce cellular death when exposed to an alternating magnetic field without a measurable temperature rise. 24 In follow-up work, the surface temperature of the nanoparticles was shown to instantly increase and to drive a temperature responsive polymer beyond its lower critical solution temperature of 35 °C without an immediate increase in solution temperature. 25 Thereby, they demonstrated that the localized heating from the nanoparticle surface is capable of altering surrounding chemistry and possibly a mechanism of the previously reported toxicity. The exact mechanism of toxicity is still under debate, however the evidence of a local heating effect provides interesting scenarios where the energy dissipated by the nanoparticles can be utilized to only alter the near surrounding volume.
The kinetic behavior of the advanced oxidation process involving magnetic nanoparticles to mineralize pollutants has been extensively studied. [26] [27] [28] [29] Temperature is one of the driving factors of the Fenton-like reaction up to about 40 °C. 30 Above this temperature, hydrogen peroxide begins to degrade into oxygen and water limiting the reaction. To date, no one has studied the effect of AMF exposure on the generation of free radicals from iron oxide nanoparticles.
The main objective of this study is to determine the influence of AMF exposure on the Ammonium hydroxide (NH 4 OH) was obtained from EMD Chemicals (Gibbstown, NJ). All materials were used as received.
Materials and methods

Materials
Iron oxide nanoparticle synthesis
A one-pot co-precipitation method was used to prepare the iron oxide nanoparticles as similarly reported previously. 31 Briefly, aqueous solutions of FeCl 3 ·6H 2 O and FeCl 2 .4H 2 O were combined in a 2:1 molar ratio in a sealed three-neck flask under vigorous stirring and an inert N 2 environment. Once 85 °C was reached, a 1.5 M solution of NH 4 OH was injected into the vessel and the reaction was carried out for 1 hour. The nanoparticles were initially decanted via magnetic decantation to remove majority of the impurities. After, they were resuspended in water and transferred to a dialysis bag for 48 hours of dialysis. Following the washing steps, the particles were stored in suspension.
Nanoparticle characterization
Dynamic Light Scattering (DLS)
. DLS measurements were obtained using a Malvern Zetasizer, Nano ZS90
instrument. Nanoparticles were diluted in DI water to a concentration of 200 μg/mL and dispersed using ultrasonication.
Alternating Magnetic Field heating. The AMF heating profile was observed using a custom made Taylor
Winfield magnetic induction source and temperature was measured with a Luxtron FOT Lab Kit.
Nanoparticles were diluted in DI water to a concentration of 5 mg/mL. One ml of solution was placed in a 2 ml centrifuge tube and placed in the center of the coil. The solution was heated in a field of approximately 60 kA/m in strength at 292 kHz frequency for 5 minutes.
Methylene blue degradation
The methylene blue degradation experiments were performed in 2 ml microcentrifuge tubes in either temperature controlled water baths or exposed to an AMF. One ml samples were prepared by diluting stock concentrations of methylene blue to 5 µg/ml and iron oxide nanoparticles to 37.5, 75, and 150 µg/ml. The samples were placed in the water bath for 10 min to equilibrate to the set temperature.
The degradation was initiated by spiking the samples with 25 µl of 30% H 2 O 2 to a working concentration of 245 mM. After given time intervals the samples were centrifuged for 30 s using a Phenix Quickspin Centrifuge, magnetically decanted, and measured using UV-visible spectroscopy (maximum absorbance at 665 nm) with a Varian Cary. To account for nanoparticle scattering from the nanoparticles that remain in suspension, samples containing only nanoparticles were measured and subtracted out from the sample absorbance.
Samples exposed to the AMF were prepared as described above. They were placed in water baths which corresponded to the expected steady state temperature as a result of field exposure. The samples were exposed to a field of approximately 51.0 kA/m in strength at 292 kHz frequency while temperature was measured with a Luxtron FOT Lab Kit.
Statistical analysis
Statistical analysis of the enhancement factor was determined using a one sample t-test where the hypothetical mean was set to 1. To indicate significant enhancement a single, double, or triple asterisk corresponding to P < 0.05, 0.01, and 0.001 respectively were included in the figure.
Results and Discussion
Nanoparticle characterization
The hydrodynamic size of the particles was determined with DLS and reported as Z-average.
Iron oxide nanoparticles were 107 nm with a PDI of 0.176 when dispersed in water. Previous work with TEM has determined the core nanoparticles to be on the order of 10 nm. As these are uncoated nanoparticles with no stabilizing group, agglomerates are likely contributing the in the increase in hydrodynamic size compared to the crystal size observed in TEM.
The heating characteristics of the nanoparticle systems in an AMF were examined, and the heating profiles can be seen below in Figure 1 . The specific absorption ratio (SAR) was calculated: 
RSC Advances Accepted Manuscript
SAR = (∑ i C i m i )/m * (ΔT/Δt)
Equation 1
where C i is the heat capacity, m i is the individual mass of the components heated (in this case water and iron oxide nanoparticles), m is the mass of the component generating heat (iron oxide), and ΔT/Δt is the initial slope of the heating profile (the 25 and 35 second time points were used to calculate the slope).
Calculations were based on specific heat capacities of 0.65 and 4.18 J/g*K for iron oxide and water respectively. The SAR value was determined to be 535.5 ± 25.8 W/g at an AMF of approximately 60 kA/m in strength at 292 kHz frequency.
Methylene blue degradation
The rate of radical generation was determined by analyzing the rate of methylene blue degradation. In a Fenton-like system, as illustrated in scheme 2, iron ions react with hydrogen peroxide to generate highly reactive hydroxyl and superoxide radicals. These radicals attack bonds on methylene blue fracturing the molecule into colorless intermediates. Possible splitting sites include the C-S + =C and the C-N=C of the central ring or hydroxylation of the aromatic side rings. 32, 33 It was determined that the degradation of methylene blue was catalyst driven, as there were negligible effects of hydrogen peroxide alone or adsorption onto the nanoparticle surface on measured absorbance.
The kinetic data was initially fit to a pseudo-first-order and second-order models as explored previously in literature. 34, 35 Relating concentration as a function of relative absorbance, we had the following rate models:
Equation 3
Where k 1 and k 2 are the first and second order rate constants, and A t is the measured absorbance at a given time normalized to the initial absorbance, A o . Integrating equations 2 and 3 results in the following:
Equation 4
1
/(A t /A o ) = k 2 t + 1 Equation 5
The methylene blue degradation data was fit using the above equations to determine the respective rate constants using a linear regression. The pseudo-first-order model was rejected because the yintercept never approached 0 for any of the concentrations or temperatures tested. The second-order model, seen in figure 2, fit the methylene blue degradation as observed previously. 35 The linear correlation coefficients (R 
where A is the pre-exponential factor, E a is the activation energy, R is the ideal gas constant, and T is the reaction temperature. Converting equation 6 into a linear relationship between ln(k) and 1/T, the previously determined reaction rates were plotted into figure 3. The derived activation energy and preexponential factor are listed in table 2 for the given concentration of iron oxide studied.
Deriving an Arrhenius relationship was essential to provide a comparative basis for the AMF studies. The three iron oxide concentrations studied were selected based on their ability to heat the surrounding media. When the AMF source is activated, the copper coil heats instantaneous and begins to radiate heat to the sample. At the AMF field amplitude used, a solution of methylene blue would heat to 32-32.5 °C. At 37.5 µg/ml iron oxide concentration, the measured solution temperature never exceeded this range with 15 minutes of heating. This implies that the amount of heat generated from the nanoparticle surface is insufficient to significantly heat the surrounding volume of water. At 75 µg/ml iron oxide, the measured solution temperature was 33.5-34 °C, and at 150 µg/ml, the measured temperature was 36-36.5 °C resulting in a 1.5 and 4 °C temperature rise respectively. At these concentrations the heat generated from the nanoparticle surface actively heated the solution temperature. From the measured steady state temperature of each sample, a theoretical concentration was calculated using the Arrhenius relationship. This value was compared to the experimentally measured absorbance through the following enhancement factor (EF) equation:
Where (A t /A o ) exp is the experimental concentration and (A t /A o ) theo is the theoretical concentration of methylene blue. The enhancement factor results are displayed in figure 4 . The lowest concentration, 37.5 µg/ml, displayed very significant ROS enhancement over the three time periods studied. At 5 minutes of exposure, 75 µg/ml was significant, but the enhancement decreased to no measurable enhancement by 15 minutes. The highest concentration never displayed a significant enhancement.
At the lower concentrations of nanoparticles, the local nanoscale heating effects would be more pronounced than at the highest concentration. At these concentrations, energy would be dispersed to the local area driving the catalytic degradation of methylene blue. This energy, however, is insufficient to heat the surrounding volume resulting in no measurable temperature rise. Thus, we would expect the kinetic behavior to be similar to the temperature elevated a few degrees resulting in the observed enhancement. At the highest concentration the measured temperature corresponds closer the local surface temperature and hence no enhancement.
When enhancement was observed, the degree of enhancement declined with length of AMF exposure. One possible explanation is the reversible agglomeration of the nanoparticles induced by the magnetic field. Being paramagnetic, the nanoparticles would be attracted to each other resulting in aligned chains or clusters. 36, 37 In this agglomerated state, the available surface area of the nanoparticles would be reduced affecting the catalyst potential. This further confirms a recent observation made by Sharma et al. where the degree of cellular oxidative stress was a function of iron oxide nanoparticle surface area as opposed to mass delivered. 38 Nanoparticle concentration is one of the hallmark factors of colloidal stability and could explain why no enhancement was observed at the highest concentration.
Elevated concentrations of magnetic nanoparticles display observable changes in colloidal stability when exposed to the AMF. While not significant, the enhancement factor of the 150 µg/ml system was below 1 at the 10 and 15 minute exposure times. Future experiments investigating the role of aggregation state on the magnetic field heating enhancement factor are warranted.
This study provides a direct example of utilizing the accelerated surface reactivity with AMF exposure for the degradation of a model pollutant. When translating this material property to a biological system such as within the cellular environment, however, there is room for scholarly debate.
For starters, the intracellular concentration of H 2 O 2 is typically around 0.5-0.7 µM but can be as high as 1 µM during proliferation signaling. 39 Cancer cells are known to have higher levels of H 2 O 2 due to erratic signaling, so the intracellular level could conceivably be even higher than 1 µM, but these levels are significantly lower than the levels used in this study. With the decrease in relative concentrations of reactants, the reaction rates would predictably be slower. Most cancer cells display an overexpression of Akt which causes them to be more susceptible to oxidative stress induced apoptosis. 40 
Conclusions
This study reports the observed enhanced degradation of methylene blue by free radicals generated by iron oxide nanoparticles heated in an alternating magnetic field. The kinetic behavior of methylene blue degradation was modeled using a second-order reaction, and an Arrhenius relationship was extrapolated from the temperature dependence. When exposed to an alternating magnetic field, the nanoparticles at lower concentrations and exposure time are capable of degrading methylene blue at a greater extent than predicted by the Arrhenius relationship. This observation has multiple future applications, such as improving intracellular hyperthermia processes and reaction rates in advanced oxidation processes.
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